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SUMMARY 

A nonmoving p i lo ted  simulator w a s  used with a v i sua l  runway display t o  
determine whether an instrument presenting angle of a t tack  i n  corbination with 
forward accelerat ion would improve the  performance of go-arounds i n i t i a t e d  from 
instrument-landing approaches i n  a j e t  t ransport  a i rp lane .  The cockpit instru-  
ments and v isua l  display responded t o  p i l o t  control  inputs i n  accordance with 
,analog solutions of six-degree-of-freedom equations of motion. The acceleration- 
modified angle of a t tack  w a s  presented t o  the  p i l o t  e i the r  by an ordinary d i a l  
instrument or by a null-reading indicator  with a v e r t i c a l l y  moving bar .  

The r e su l t s ,  i n  t he  form of measured l o s s  of a l t i t u d e  following i n i t i a t i o n  
of go-around maneuvers by f i v e  p i l o t s ,  indicated s t a t i s t i c a l l y  s ign i f icant  
improvement i n  go-around performance when the  acceleration-modified angle-of- 
a t tack  information w a s  presented on the  ve r t i ca l ly  moving bar indicator;  however, 
t he  improvement (approximately 8 f e e t )  w a s  considered t o  be of minor importance 
i n  terms of ac tua l  f l i g h t  operation. 

P i lo t  comments indicated t h a t  with the  conventional instrumentation simu- 
la ted ,  approaches were possible fo r  ce i l ings  as l o w  as 100 f e e t  with one-half 
mile v i s i b i l i t y .  Although normal sensations of f l i g h t  were absent, t he  p i l o t s  
judged the  simulation t o  be accurate and r e a l i s t i c .  

INTRODUCTION 

The problem of operating airplanes i n t o  and out of a i r p o r t s  under conditions 
of marginal or zero ce i l ing  and v i s i b i l i t y  has long been a major obstacle t o  
completely r e l i ab le  scheduled a i r l i n e  service and e f f i c i e n t  airborne mi l i t a ry  
operations. It i s  the  consensus of a i r  t ranspor t  operators t h a t  scheduled all-  
weather landing, i n  due course, will be rout ine and a w a i t s  only the  progressive 
development of adequate, r e l i a b l e  ground and airborne equipment, i t s  acceptance 
by the  users ,  and approval by the  c e r t i f i c a t i n g  au tho r i t i e s  ( r e f .  1). 



A l o g i c a l  s tep  toward rout ine all-weather operation, mentioned i n  
reference 1, i s  t h a t  of systematically reducing minimum ce i l i ng  and v i s i b i l i t y  
t o  lower and lower values as t h e  state of t h e  art progresses. In  accordance with 
these fee l ings  of t h e  air t ranspor t  community, a p i lo t ed  simulator and f l i g h t  
program i s  being car r ied  out a t  Ames Research Center with t h e  broad objective of 
indicat ing t o  what degree mini" ce i l i ng  and v i s i b i l i t y  f o r  landing a t ransport  
a i rplane can be reduced by means of su i tab le  instruments or p i c t o r i a l  displays.  

One might reason t h a t  i f  i n  landing a t ranspor t  a i rplane the  p i l o t  were able 
t o  achieve an improved capabi l i ty  of executing a go-around maneuver ( i n  the  event 
of a missed approach, an instrument failue, or some other emergency), he could 
extend h i s  approach on instruments t o  lower a l t i t u d e  with reasonable safety.  
l i n e  with t h i s  thought and as a log ica l  phase of t h i s  NASA program, a study w a s  
conceived by The Boeing Company's Transport Division t o  determine whether t he  use 
of acceleration-modified angle-of-attack information, i n  conjunction with stand- 
ard f l i g h t  instruments and a f l igh t -d i rec tor  type display, would reduce the  a l t i -  
tude loss  i n  a go-around maneuver. 
instruments which indicated angle of a t tack  modified by a s igna l  proportional t o  
accelerat ion along the  f l i g h t  path ( a  -. K?). 
form of t h a t  employed i n  the  "SCAT" system described i n  reference 2. 
information has been shown i n  reference 3 t o  be he lpfu l  t o  the  p i l o t  i n  perform- 
ing  simulated take-off ro t a t ions  and clinibouts; angle of a t tack  provided a r e l i -  
able  guide f o r  proper ro t a t ion  t o  take-off a t t i tude and t h e  forward-acceleration 
feature  allowed the  p i l o t  t o  damp with ease any phugoid osc i l l a t ion  excited i n  
the  climbout 
elevator control  i n  response t o  airspeed r a t e  r e s u l t s  i n  improved phugoid damping. 
The maneuver w a s  assumed t o  be i n i t i a t e d  during an instrument approach i n  a 
manually p i lo t ed  j e t  t ransport  of a type current ly  i n  commercial use. 

In 

The study required t h e  addi t ion of cockpit 

This information i s  a simplified 
Similar 

Reference 4 of fe r s  confirming ana ly t i ca l  evidence t h a t  proper 

The go-around study w a s  conducted as a jo in t  NASA-Boeing e f f o r t  using t h e  
Ames transport  landing-approach simulator, a fixed-cockpit f a c i l i t y  equipped with 
controls  and instruments and coupled with an analog computer and a projected 
v i sua l  runway display. The purpose of t h i s  report  i s  t o  present the  analog- 
computed a l t i t u d e  losses  measured during the  study, t o  assess the  e f f ec t s  on 
these r e s u l t s  of t he  major independent var iab les  (cockpit instruments avai lable  
t o  the  p i l o t ,  engine t h r u s t  avai lable ,  and a l t i t u d e  of i n i t i a t i o n  of t he  go- 
around), and t o  discuss these findings i n  t e r m s  of current and future  require- 
ments f o r  minimum ce i l i ng  and v i s i b i l i t y .  

NOTATION 

accelerat ion along posi t ive Y axis, f t / s ec2  "Y 

b wing span, f t  

wing mean aerodynamic chord, f t  - 
C 

- - .  - - _  
'In reference 3, r a t e  of change of t o t a l  pressure,  ra ther  than ?, w a s  used 

t o  modify the  a, indicat ion.  The theory of operation and mechanization of t he  
a, - K? display used herein i s  explained i n  appendix B. 
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drag coef f ic ien t ,  
qs 

l i f t  l i f t  coef f ic ien t ,  - 
(Is 

incremental l i f t  coeff ic ient  due t o  ground e f f ec t  

pitching-moment coef f ic ien t ,  

incremental pitching-moment coef f ic ien t  due t o  ground e f f ec t  

pi tching moment 
q= 

angular deviation from ILS gl ide  slope, posi t ive above g l ide  slope, 
radians 

angular deviation from ILS loca l izer  zero reference, posi t ive t o  
r i g h t  of reference,  radians 

a l t i t u d e ,  f t  

a l t i t u d e  of main wheels above runway, f t  

a l t i t u d e  of main wheels above runway a t  time to, f t  

l o s s  of a l t i t u d e  i n  go-around maneuver, beginning a t  time to, f t  

l o s s  of a l t i t u d e  i n  go-around maneuver, beginning a t  time to, 

ah 
d t  

corrected f o r  e f f ec t  of AT, f t  

- 

- ah measured a t  time t T  
d t  

a constant r e l a t ing  t o  an indicated change i n  angle of a t tack  

airplane mass, slugs 

dynamic pressure,  lb/sq f t  

wing reference a rea ,  sq f t  

time a t  which assumed decision o r  command t o  go-around occurred, 
sec 

time a t  which t h r o t t l e  movement w a s  i n i t i a t e d  fo r  purpose of go- 
around, sec 

t T  - t o  

veloci ty  along f l i g h t  path,  knots or f t / s e c  
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f t / s ec2  
d t  ' 
angle of a t t ack ,  radians or deg 

angle of a t tack  f o r  approach CL and 0.90 maximum CL ( f laps  
deflected 30°>, respect ively,  deg 

incremental angle of a t tack ,  deg 

side s l i p  angle 

f l igh t -pa th  angle with respect t o  horizontal  reference 

def lect ion of f l i g h t  d i rec tor  command bar i n  p i tch ,  pos i t ive  f o r  
nose up, i n .  

def lect ion of f l i g h t  d i rec tor  command bar i n  roll, posi t ive t o  
r i g h t ,  deg 

elevator def lect ion,  deg 

angle of p i t ch  of X body axis with respect t o  horizontal  
reference 

deviation of p i t ch  angle from reference f o r  ILS approach, pos i t ive  
nose up, radians 

angle of bank of Y body ax i s  with respect t o  horizontal  
reference 

angle of yaw of X body axis measured i n  horizontal  plane with 
respect t o  runway center l i n e ,  radians 

EQUIPMENT 

Figure 1 shows schematically how the  various simulator components used i n  
the  present study were interconnected, 

Analog Computation 

A direct-current e lectronic  analog computer w a s  used t o  solve the  six-degree- 

The 
of-freedom equations of motion of a current subsonic j e t  t ransport  a i rplane.  The 
airplane charac te r i s t ics  used i n  the  simulation a r e  l i s t e d  i n  tab le  I ( a > .  
ro l l ing- ,  pitching-, and yawing-moment equations were formulated about the  air- 
plane body axes and the  three force equations were re fer red  t o  the wind axes. 
These axes a re  defined i n  f igure 2. A i r  density w a s  assumed invariant with 
a l t i t u d e  and e f f e c t s  of proximity t o  the  ground plane were simulated as described 
i n  appendix A. 
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Piloted Simulator 

The simulator used i n  t h e  present study consisted of a motionless cab of a 
transport-airplane type with sea t s  fo r  a p i l o t  and copi lot ,  an instrument panel 
containing per t inent  f l i g h t  instruments, a t h r o t t l e  quadrant, and a dual s e t  of 
f l i g h t  c ontr  01s . 

The panel instrumentation ( f i g .  3) used i n  the  study displayed computed 
a l t i t u d e ,  airspeed, v e r t i c a l  speed, t u r n  and s l i p  information, and engine speed 
i n  percent rpm. 
Bendix 300 se r i e s  f l i g h t  d i r ec to r ,  shown just t o  the  r i g h t  of the  control-wheel 
center l i n e  i n  f igure 3. The horizon d i rec tor  indicator ,  t h e  upper instrument, 
consisted of an a t t i t u d e  gyro which a l s o  included r o l l  and p i t ch  command infor- 
mation (the constants determining the  command def lect ions used i n  t h i s  simulation 
a re  given i n  t ab le  I ( b ) ) ;  t he  course deviation indicator ,  immediately below, 
displayed the  re la t ionship  of t he  f l i g h t  path t o  the  ILS beam. 

Atti tude and ILS information were provided by means of a 

In  addi t ion t o  the  standard instruments already described, t he  p i l o t  w a s  

Two types of instruments were used (one a t  a 
provided with an angle-of-attack indicator which incorporated a s igna l  propor- 
t i o n a l  t o  forward acce1,eration. 
time) f o r  t h i s  function: 
a center- or  null-reading bar-type indicator .  The faces  of these instruments, 
which were of t he  standard three-inch s ize ,  a r e  shown i n  d e t a i l  i n  f igure  4.  
d i a l  indicator ( f i g .  4 (a ) )  w a s  a standard d-c instrument with a D'Arsonval move- 
ment; the  bar-type indicator  ( f i g .  4 (b ) )  w a s  constructed from a standard ILS 
indicator  and had a l l  but a segment of the  glide-slope pointer masked o f f .  The 
methods of using these indicators  are explained i n  the  following sect ion of t he  
repor t .  The derivation of t he  modified a s igna l  used t o  drive the  instruments 
i s  given i n  appendix B .  

t he  f irst  w a s  a simple d i a l  instrument; the  second w a s  

The 

Pickoffs connected t o  the  t h r o t t l e s  and the  three  f l i g h t  controls provided 
the  p i l o t ' s  input s ignals  fo r  t he  analog computer. The je t  engine response w a s  
simulated by a f i r s t -o rde r  lag  with a time constant of 1 .3  seconds. 

V i s u a l  Display 

To simulate breaking out of t h e  overcast and t o  provide the  p i l o t  with a 
r e a l i s t i c  view of t he  ex terna l  environment during v isua l  conditions, an opt ica l ly  
projected representation of t he  runway, runway lights, and approach l igh t ing  
system w a s  used which varied r e a l i s t i c a l l y  with t h e  computed airplane a t t i t u d e ,  
a l t i t u d e ,  distance out, and lateral  displacement (DALTO) . The projected runway 
picture  w a s  generated by a closed-circuit  t e lev is ion  system using a model of the  
runway on a movable b e l t  and a camera driven ve r t i ca l ly ,  l a t e r a l l y ,  and i n  rota-  
t i o n  about three axes i n  response t o  the  computed airplane motions. The impres- 
s ion of forward motion w a s  created by driving the  b e l t  toward the  camera a t  a 
speed r e l a t ed  t o  the  computed airplane veloci ty  over t he  ground. 
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Data Recording 

Computed data  per t inent  t o  the  invest igat ion were recorded by means of a 
12-channel recording oscil lograph, 
a l t i tude (100 ft/cm and 20 ft /cm), bank angle, p i t ch  a t t i t u d e ,  elevator deflec- 
t i on ,  angle of a t tack ,  t h r o t t l e  .position, airspeed, v e r t i c a l  speed, acceleration- 
modified angle of a t tack  ( a  - KV), forward accelerat ion,  and yaw angle. 

The quant i t ies  recorded w e r e  main-wheel 

TESTS 

P i lo t  Par t ic ipa t ion  

Five p i l o t s  took pa r t  i n  t he  present invest igat ion.  P i l o t s  A and B were 
NASA research p i l o t s  with recent experience i n  large multiengine j e t  a i r c r a f t ;  
p i l o t s  C and D were experimental t es t  p i l o t s  with The Boeing Company, Transport 
Division; p i l o t  E w a s  an a i r l i n e  captain.  

Simulated Conditions 

Nominal approach conditions f o r  the  study were: speed, 132 knots; i n i t i a l  
The 

Horizontal v i s i -  

a l t i t u d e  on g l ide  slope, 500 feet; gl ide slope, 3'; and f l a p  se t t i ng ,  50'. 
minimum permissible ce i l i ng  w a s  assumed t o  be 100 f e e t ,  but t h e  p i l o t s  were 
allowed t o  descend below that a l t i t u d e  during the  go-arounds. 
b i l i t y  i n  v i sua l  conditions w a s  one-half mile. 
were those of a Boeing 707 ( tab le  I (a ) ) ;  the  s t a b i l i t y  and control  parameters 
used were the  unaugmented values and were not varied during the  study. 
air  operation w a s  assumed. 

The airplane charac te r i s t ics  used 

Smooth- 

The p i l o t s  made simulated instrument approaches t o  a landing using avai lable  
cockpit indicators ;  these always included the  ILS and Bendix "300" f l i g h t  direc- 
t o r  indicators .  I n  order t o  increase t h e  realism of t he  task  and t o  provide an 
element of surpr ise ,  ce r t a in  var iables  were introduced i n t o  the  program. The 
p i l o t s  were ins t ruc ted  t o  continue the  approach t o  a landing i f  no orders were 
received t o  the  contrary or i f  no circumstances arose which, i n  t h e i r  judgment 
would require  t h a t  t he  approach be discontinued. 
100 f e e t  and t h e  p i l o t s  were given the  impression of breaking out of t he  overcast 
by having the  DALTO p ic ture  appear suddenly oh t he  screen a t  the  appropriate t i m e .  

The ce i l i ng  w a s  e i t he r  zero or 

According t o  a previously arranged schedule, unknown t o  the  p i l o t s ,  they 
would e i t h e r  (1) approach and break out a t  100 f e e t  l i ned  up with the  runway 
center l i ne ,  (2) approach and break out a t  100 f e e t  o f f se t  t o  t he  r igh t  or l e f t  
of the  runway center l i n e  as a r e s u l t  of some assumed loca l izer  e r ro r ,  or (3) 
approach without breaking out (zero ce i l i ng ) .  
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I n  addition, t he  p i l o t s  would e i the r  (1) receive a warning l i g h t  i n  the  
cockpit, signifying some instrument malfunction t h a t  would necessitate a go- 
around, a t  any of several  predetermined a l t i t u d e s  (unanticipated by them) before 
or a f t e r  breaking out of t he  overcast; (2) be ordered verbally t o  go around 
before or after breaking out ( i n  t h i s  case, t he  warning l i g h t  a l s o  w a s  f lashed on 
t o  mark the oscil lograph records,  bu t  not as a primary s igna l  t o  the p i l o t s ) ;  o r  
(3) receive no command of any kind t o  go around. 
required t o  decide whether t o  continue or t o  go around. 
sessions, the  p i l o t s  were ins t ruc ted  t o  go around i f  the  ce i l i ng  w a s  l e s s  than  
100 f e e t  or i f ,  on breaking out, they found they were o f f se t  an excessive amount 
f romthe  runway center l i n e .  A s  ac tua l  data gathering progressed, t he  of fse t  
w a s  adjusted (depending on the  p i l o t )  so  t h a t  a decision t o  go around w a s  
p rac t i ca l ly  assured. 

In  t h i s  case, the  p i l o t s  w e r e  
During the  br ie f ing  

Go-Around Task 

During the  execution of t he  go-around maneuver, t he  p i l o t s  referred t o  one 
of th ree  instrument panel displays:  

Configuration 11 - Conventional: Flight d i rec tor  and standard panel 
instruments (both modified angle-of-attack indicators  
hidden from view) 

Configuration I2 - Fl ight  d i rec tor  and standard instruments with the  addi- 
t i o n  of the  d i a l  indicator  t o  present accelerat ion modi- 
f i e d  angle-of-attack information 

Configuration I3 - Flight  d i rec tor  and standard instruments w i t h  t he  modi- 
f i e d  angle-of-attack information presented on a null-  
reading indicator  by a v e r t i c a l l y  moving bar  

Each p i l o t  made a complete se r i e s  of runs with the  above instrument 
configurations with f u l l  four-engine th rus t  avai lable  and with three-engine 
thrust avai lable .  Yawing moments due t o  asymmetric t h r u s t  of th ree  engines were 
not simulated; only the  loss i n  t o t a l  thrust w a s  considered. Each group of runs 
w a s  preceded by a se r i e s  of prac t ice  runs u n t i l  t he  p i l o t  w a s  s a t i s f i e d  with h i s  
performance . 

The p i l o t s  were ins t ruc ted  t o  execute the  go-around maneuver i n  the  manner 
i n  which they w e r e  accustomed; t h i s  amounted t o  t h e i r  abrupt ly  advancing the  
t h r o t t l e  t o  full-power pos i t ion  and approximately simultaneously ro ta t ing  the  
airplane t o  climbing a t t i t u d e  by means of t h e  elevator .  

When e i the r  of t he  modified angle-of-attack indicators  w a s  used, -the p i l o t s  
w e r e  requested t o  use t h a t  instrument as a primary reference f o r  ro ta t ion  and 
f o r  es tabl ishing climbout. The method of using these ind ica tors  w a s ,  upon appli-  
cat ion of power, t o  keep t h e  pointer  a l ined  with t h e  reference angle of a t tack  i n  
the  approach (about 5 O ) .  A s  explained i n  appendix B, t h i s  resu l ted  i n  the  proper 



angle of a t tack  f o r  go-around with 50' of f l a p s ,  with t h e  added advantage of t he  
accelerat ion indicat ion fo r  phugoid damping. Using t h e  modified angle-of-attack 
indicators  did not preclude p i l o t s '  reference t o  the  other avai lable  instruments. 

RESULTS AND DISCUSSION 

Time h i s t o r i e s  of two simulated go-around maneuvers a re  shown i n  f igure  5 .  
The same p i l o t  performed these runs with four-engine t h r u s t  avai lable  and a 
100-foot ce i l ing .  The maneuver shown i n  f igure  5(a) w a s  made using conventional 
instrumentation (Configuration 11); upon breaking out of t he  overcast, a lateral  
of fse t  w a s  noted by the  p i l o t  and a decision w a s  made t o  go around. 
ure 5(b),  t he  bar indicator  w a s  used i n  conjunction with conventional 
instrumentation (Configuration 13) ; t he  p i l o t  received a cockpit warning l i g h t  
shor t ly  before breaking out (cockpit a l t i t u d e  of 114 f e e t )  and i n i t i a t e d  a go- 
around . 

In  f ig -  
a - .K? 

The three instrument configurations and two engine thrust  l eve l s  were inves- 
t i ga t ed  t o  determine the  degree t o  which each influenced t h e  loss  of a l t i t u d e  
during go-around. The a l t i t u d e  l o s s  w a s  measured from the  analog output records, 
beginning a t  the  time (marked on the  records) t he  go-around order w a s  transmitted 
t o  the  p i l o t  and ending a t  the  point of minimum a l t i t u d e .  &en no order w a s  
given, t he  time of i n i t i a t i o n  w a s  assumed t o  occur a t  an i n t e r v a l  A t  p r io r  t o  
de f in i t e  movement of t he  t h r o t t l e s  t o  fu l l  power. The i n t e r v a l  A t  f o r  each 
p i l o t  varied from 0.51 t o  0.97 second and t h e  standard deviation of A t  f o r  each 
p i l o t  varied from 0.14 t o  0.21 second. 

Basic D a t a  

m e  measured a l t i t u d e  losses  a re  presented i n  table I1 together with average 
A t ,  a l t i t u d e  of i n i t i a t i o n  
applied k;r. Because of the  v a r i a b i l i t y  of (standard deviation of 1.16 
f t / s e c )  and i t s  probable e f f ec t  on t h e  a l t i t u d e  losses ,  values of 
t o  a standard v e r t i c a l  veloci ty  of -11.0 f t / s e c  were computed and a re  presented 
i n  the  right-hand column of t ab le  11. The corrections applied were derived from 
the  re la t ionship  between a l t i t u d e  *loss and calculated f o r  go-arounds assum- 
ing perfect  tracking of an indicator  (K = 0.55 and contribution of 
engine thrust t o  l i f t  neglected).  

hw,o, and v e r t i c a l  ve loc i ty  a t  the  time t h r o t t l e  w a s  

Ch0 corrected 

k i ~  
a, - KV 

The corrected a l t i tude- loss  data are shown p lo t t ed  i n  f igure  6, with a l t i -  
tude of i n i t i a t i o n  as the  abscissa,  f o r  t h e  th ree  instrument configurations and 
the  two t h r u s t  l eve l s :  four engines ( f i g .  6 ( a ) )  and three  engines ( f i g .  6 ( b ) ) .  
The data fo r  a l l  p i l o t s  were analyzed together .  Although t a b l e  I1 shows a some- 
what higher average Aho (cor r )  fo r  p i l o t  E,  h i s  contribution t o  t h e  data  f i n a l l y  

osubjected t o  analysis  w a s  r e l a t ive ly  minor. Because the  tes t  objective w a s  t o  
look fo r  gross over-al l  e f f e c t s  of cockpit instrumentation, the  data f o r  a l l  
were lumped. 
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Effect  of Go-hound Alti tude 

It i s  apparent from f igure  6 t h a t ,  f o r  i n i t i a l  a l t i t u d e s  up t o  about 60 f e e t ,  
t he  a l t i t u d e  losses  increased with increasing h w , ~ ,  while a t  higher a l t i t u d e s  
the  sens i t i v i ty  of Aho (cor r )  t o  hw,o diminished sharply. The oscillograph 
records of completed landings showed t h a t  t he  p i l o t s  i n i t i a t e d  landing f l a r e  a t  
an average a l t i t u d e  of 55 f e e t .  All go-arounds i n i t i a t e d  below 55 f e e t  were 
considered t o  occur during landing-flare maneuvers (not within the  scope of t he  
study) and were excluded from fu r the r  ana lys i s .  

There remains the  question of t h e  r e a l i t y  of any dependence of Aho (cor r )  
on hw,o above 55 f e e t .  (Controlled t e s t s  on the  computer after completion of 
t he  data-gathering phase of t h e  study ruled out any measurable differences due 
t o  ground e f f ec t . )  
groups having approximately equal numbers of points .  This resu l ted  i n  t h e  follow- 
ing divisions (after excluding the  highest  
of engine th rus t  and instrument configuration, regardless of p i l o t ) :  
engines, hw,o 
The mean values of 
configuration, and range of hw,o are presented i n  t ab le  111. 

A t  each t h r u s t  l e v e l ,  t h e  data  were divided i n t o  two a l t i t u d e  

Ah0 (cor r )  point f o r  each combination 
four 

72 and hw,o 2 7 3  ft; three  engines, hw,o 580 and hw,o 2 84 rt. 
Ah0 (cor r )  f o r  each combination of engine thrust, instrument 

Inspection of t ab le  I11 shows, f i r s t ,  inconsistent minor differences over 
a l l  i n  mean Ah0 (cor r )  f o r  the l o w  and the  high hw,o groupings and second, 
an apparent improvement i n  go-around performance going from instrument configura- 
t i o n  Il t o  I2 t o  I3 (approximately 40 f e e t ,  36.5 f e e t ,  and 32.3 f e e t ,  respec- 
t i v e l y )  with four-engine th rus t  ava i lab le .  
three-engine t h r u s t  avai lable  show an over-al l  mean 
with no dominant pa t te rn  and differences which a re  considered small. 

The corresponding mean values with 
Ah0 (cor r )  of about 35 f e e t  

The e f f ec t s  of engine t h r u s t ,  a l t i t u d e  of i n i t i a t i o n ,  and instrumentation 
on 
t t e s t s  f o r  t h rus t  e f f e c t s  and both t tes t s  and two-way analyses of variance 
f o r  e f f ec t s  of a l t i t u d e  and instrument configuration. The s t a t i s t i c a l  methods 
used were obtained from reference 5;  t he  l e v e l  of significance used i n  a l l  t e s t s  
w a s  95 percent. Fromthe above analyses, it can be sa id  from a s t a t i s t i c a l  
standpoint t ha t  the  only c l ea r ly  s ign i f icant  difference w a s  the  improvement, a t  
the  four-engine th rus t  l eve l ,  i n  
over t h a t  fo r  configuration I=. 

Ah0 (cor r )  as displayed i n  t ab le  I11 were subjected t o  s t a t i s t i c a l  tests; 

Ah0 (cor r )  associated with configuration I3 

Effect  of Three-Engine Operation 

One would ordinar i ly  expect t h a t  a decrease i n  engine power avai lable  would 
lead  consis tent ly  t o  an increase i n  a l t i t u d e  loss;  however, t he  present r e s u l t s  
do not indicate  this .  It i s  probable that i n  t h e  present study t h e  p i l o t  tech- 
nique and engine-airframe response cha rac t e r i s t i c s  combined i n  such a way t h a t  
t he  r a t e  of descent w a s  a r r e s t ed  before the  th rus t  force could contribute appre- 
c iably t o  the  maneuver. The difference i n  th rus t  appeared t o  be re f lec ted  i n  
measured airspeed l o s s  during t h e  go-around maneuver. 
averaged 1 . 4  knots with four  engines and 3.3 knots with three  engines, measured 

For a l l  p i l o t s ,  t h i s  
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from the  approach reference of 132 knots.  Hence, it i s  f e l t  t h a t  any performance 
handicap due t o  lower t h r u s t  l e v e l  would occur i n  t h i s  pa r t i cu la r  regard and i n  
the  climbout following go-around. 

It i s  possible t h a t  t he  p i l o t s ,  i n  regarding three-engine operation as an 
emergency, compensated f o r  t he  thrust l imi t a t ion  by using a t i g h t e r  control  
technique during t r ans i t i on .  Records of runs made by p i l o t s  A and B revealed 
a somewhat grea te r  tendency t o  lead with elevator  cont ro l  when only three-engine 
thrust w a s  ava i lab le .  

Effect of Instrumentation 

With regard t o  the  e f f e c t s  of instrumentation on a l t i t u d e  loss ,  it should be 
&O (cor r )  (using the  bar indicator a t  the  noted t h a t  t he  maximum improvement i n  

four-engine t h r u s t  l eve l )  w a s  approximately 8 f e e t .  Although t h i s  difference i s  
s t a t i s t i c a l l y  s ign i f icant ,  it i s  questionable whether it represents an improve- 
ment i n  go-around performance t h a t  would have p r a c t i c a l  meaning during scheduled 
operation i n  marginal weather. 

The p i l o t s  appeared t o  favor the  bar indicator  because of i t s  convenience. 
When the  p i l o t s  were debriefed immediately following t h e  simulator runs, they 
were found t o  be divided i n  t h e i r  opinions of t h e  value of acceleration-modified 
angle-of-attack information during t h e  t r ans i t i on ,  or ro ta t ion ,  t o  climbout 
a t t i t u d e  ( p i l o t  B considered the  information t o  be of value only i n  the  estab- 
l i shed  climb; p i l o t  D f e l t  t h a t  it helped t o  avoid over-rotation);  a l l  preferred 
using the  bar indicator  because they were required only t o  "fly" the  index mark 
(representing t h e  a i rp lane)  t o  m t c h  the  bar and keep it centered by means of 
elevator control .  Some d i f f i c u l t y  was  mentioned i n  using the  d i a l  instrument 
because of i t s  movement being opposite t o  t h a t  of t he  airspeed indicator .  It 
appears fromthesfl  results t h a t  t he  bar indicator  would be t h e  be t t e r  method of 
presenting a - KV information. 

should be considered here i s  the  sequence i n  which the  tasks  and configurations 
were presented t o  t h e  p i l o t s .  For a l l  p i l o t s ,  t he  sequence was the  same (four 
engines, 11, 12, and 13, then three engines, 11, 12, and Is). Table I11 shows 
t h a t  t he  apparent improvement i n  performance due t o  instrumentation followed a 
t rend consis tent  with p i l o t  learning (at l e a s t  f o r  t h e  four-engine case) .  
Because of t he  short-term nature of t he  study, it w a s  d i f f i c u l t  t o  eliminate 
completely the  e f f e c t s  of learning. Although checks of individual  p i l o t s  were 
inconclusive, it i s  possible tha t . e f f ec t s  of learning are present i n  the  r e s u l t s  
and, i f  so,  t he  benef i t  of a - KV information applied t o  t h e  go-around 
s i tua t ion  i s  even more doubtful. 

An item t h a t  possibly influenced the  outcome of t h e  present study and which 

The f i v e  p i l o t s  involved were unanimous i n  the  opinion t h a t  the  f l i g h t  
d i rec tor  system as synthesized i n  the  present study (see t a b l e  I ( a ) ) ,  i n  conjunc- 
t i o n  with the  present a i rplane simulation, suffered no l imi ta t ions  during instru-  
ment approaches t o  ce i l ings  of 100 feet above the  runway with one-half mile 
v i s i b i l i t y .  In  view of t h i s  consensus and the  general  go-around capabi l i ty  
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demonstrated i n  the  present study, it appears t h a t ,  regardless of t he  addi t ional  
instrumentation avai lable  t o  t h e  p i l o t ,  he could execute missed approaches with 
a safe margin from a l t i t u d e s  as low as 100 feet. 

Since U. S. air c a r r i e r s  current ly  do not perform ILS approaches when the  
ce i l ing  i s  l e s s  than 200 feet a l t i t u d e  with one-half mile v i s i b i l i t y ,  reducing 
t h e  minimum ce i l ing  could mean subs tan t ia l ly  increasing service during periods of 
r e s t r i c t i v e  weather. The results of this study indicate  that  i f  a clean, accu- 
rate ILS s igna l  i s  avai&able, t h e  minimum ce i l ing  might be reduced below 200 f e e t  
even without t h e  CL - KV instrumentation. There i s  danger i n  drawing absolute 
conclusions from simulator results alone. 
proficiency, surrounding terrain,  accuracy of current altitude-measuring devices 
(ref. 6 ) )  determine safe minimum operating a l t i t udes ,  considerable work i n  t h i s  
area, both i n  simulators and i n  f l i g h t ,  must be completed before s ign i f icant  
reductions can be real ized.  

Since so  many f ac to r s  (e.g., p i l o t  

The p i l o t s ,  i n  general, agreed t h a t  t he  simulation was suf f ic ien t ly  accurate 
and r e a l i s t i c  t o  provide meaningful results i n  s tudies  such as t h a t  present ly  
discussed. The sense of emergency i n  one-engine-out operation or as the  airplane 
neared the  ground and the  f a c t  t h a t  i n  no event, when the  simulator w a s  operating 
properly, w a s  t he  a i rplane allowed t o  contact t he  ground (unless a landing w a s  
intended) ver i fy  t h a t  t he  p i l o t s  reacted i n  a r e a l i s t i c  manner. 

CONCLUSIONS 

A p i lo ted  simulator study w a s  made of t he  e f f ec t s  of acceleration-modified 
angle-of-attack presentations on the  go-around performance, under manual control,  
of a j e t  t ransport  a i rplane.  From the  invest igat ion the  following conclusions 
are drawn: 

1. With fu l l  t h r u s t  avai lable  from a l l  engines, use of a null-reading, 
v e r t i c a l l y  moving bar  indicator  t o  present angle of a t tack  minus a quantity 
proportional t o  forward accelerat ion resu l ted  i n  a small decrease i n  a l t i t u d e  
l o s s  during go-around. The improvement w a s  considered t o  be of minor importance 
f o r  ac tua l  f l i g h t  operation. 

2. Engine t h r u s t  and a l t i t u d e  of i n i t i a t i o n  had ins igni f icant  e f f ec t s  on 
a l t i t u d e  l o s s  during go-around. 

3. In  the  present simulation, p i l o t  comments indicated t h a t  with the  f l i g h t  
d i rec tor  instrument approaches were possible f o r  a nominal minimum ce i l ing  of 
100 f e e t  above t h e  runway with one-half mile v i s i b i l i t y ;  regardless  of t h e  addi- 
t i o n a l  instrumentation avai lable  t o  the  p i l o t ,  it i s  concluded t h a t  go-arounds 
i n i t i a t e d  at  a l t i t u d e s  as low as 100 feet could be made safely.  

Ames Research Center 
National Aeronautics and Space Administration 

Moffett Field,  C a l i f . ,  Ju ly  12, 1963. 
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APPENDIX A 

SlMLTLATION O F  GROUND-€'LUKE EFFEXTS ON 

AERODYNAMIC CHARACTERISTICS 

The e f f ec t s  of proximity t o  the  ground on l i f t  and pi tching moment w e r e  
based on unpublished wind-tunnel data  and p i l o t  comparison of simulated behavior 
with ac tua l  f l i g h t  cha rac t e r i s t i c s .  The var ia t ions used i n  the  simulation a re  
shown i n  the  following sketch: 
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APPENDIX B 

GENEBATION OF MODIFIED ANGLE-OF-ATTACK SIGNAL 

USED FOR DISPUY TO THE PIMT 

It has been shown ( r e f .  3) that i f  the p i l o t  i s  provided with information 
which leads airspeed by a suf f ic ien t  amount and i s  displayed i n  combination with 
angle of a t tack ,  he i s  able  t o  control  t he  long-term motions of a la rge  airplane 
through improved manual damping of t he  phugoid mode. This i s  consis tent  with 
r e s u l t s  of ana ly t i ca l  s tudies  (e.g. ,  r e f .  4 )  which show t h a t  actuat ion of t he  
elevator or elevator t a b  i n  response t o  longi tudinal  accelerat ion,  which leads 
airspeed by goo, w i l l  i q r o v e  phugoid damping. 

In the  present study, the  quantity used f o r  p i l o t  reference w a s  a - ~, 
where 
the  f l i g h t  path.  While rate of change of t o t a l  pressure w a s  used i n  the  invest i -  
gation of reference 3, $ w a s  used here because it w a s  readi ly  avai lable  from 
the  computer. To decide on a value of gain K, the  Pollowing l i n e  of reasoning 
w a s  followed . 

0 w a s  t he  longi tudinal  accelerat ion or rate of change of airspeed along 

Figure 7 shows the  lift curve of the  example airplane with f l a p s  deflected 
50'. 
90 percent of maximum CL, which corresponded t o  an angle of a t tack  a2 of 8.g0. 
This amounted t o  a Ax of 3.6' fo r  go-around. The maximum forward accelerat ion 
following 2,brupt t h r o t t l e  increase t o  fu l l  power w a s  estimated t o  be 5.9 f e e t  
per second squared. In  order t h a t  t he  p i l o t  should be able  t o  t rack  the  same 
indicated angle of a t t ack  (or bar posi t ion)  during t h e  go-around that w a s  main- 
ta ined during t h e  approach, t he  following re la t ionships  should hold: 

For safety,  a reasonable lift coef f ic ien t  f o r  go-around w a s  chosen t o  be 

or 

Actually, a value of K = 0.55 w a s  used t o  generate the  a - ~ signal; 
exceeded 6 feet  per second t h i s  provided a small margin of safety i n  case 

squared. 
0 

If the p i l o t  did not move the  elevator as he applied power and i f  t he  trim 
change due t o  th rus t  w a s  s m a l l ,  t he  d i a l  instrument ( f i g .  4 ( a ) )  would soon show 
a reading less than the  approach angle of a t tack  (or t he  bar on the  other indi-  
cator  would move upward). 
indicator back t o  the  reading used during the  approach he ac tua l ly  would be 
retrimming the  airplane a t  about 90 percent of maximum CL. The proper procedure, 
then, fo r  use of e i t h e r  
deviate from i t s  approach posi t ion as power w a s  added fo r  go-around. 
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If using the  elevator ,  the  p i l o t  then brought the  

a, - ~ indicator  w a s  not t o  allow the  pointer  t o  



The v e r t i c a l  movement of the  bar indicator ( f i g .  4 (b ) )  w a s  scaled t o  agree 
approximately with the  sens i t i v i ty -o f  the d i a l  indicator; 0.5 inch of movement 
corresponded t o  about 4' of a - KV. 

The manner i n  which a, - ~ 
w a s  formed on the c o q u t e r  i s  shown i n  f igure 8. 



TABLE I.- F’HYSICAL CWCTERISTICS OF AIRPLCWE AND FLIGHT DIFiECTOR 

S m T E D  I N  THE PRFSENT STUDY 

(a)  Airplane 

Wing area, sq f t  . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2433 

Wingspan , f t  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  130.8 

Mean aerodynamic chord, f t  . . . . . . . . . . . . . . . . . . . . . . .  20.16 

P i l o t  height above main wheels ( leve l  a t t i t u d e ) ,  f t  . . . . . . . . . .  15 

P i l o t  distance forward of c .g . ,  f t  59 

Weight , l b  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  180,000 

Maxitnwnthrust per engine, l b  . . . . . . . . . . . . . . . . . . . . .  15,000 

. . . . . . . . . . . . . . . . . . .  

(b )  Fl ight  d i r e c t o r  

6,, p i tch  = -113.3 eGS - 13.33 neB, i n .  

sty 6 c ,  roll = -88.33 emC - 416.7 - - 25.47 A$, deg 
v 
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TABLE 11.- ALTITUDE, ALTITUDE-MSS AND Vl?XTICAbKXOCITY DATA OBTAIWLl IN TI43 PRESENT STUDY 

(a) Four-engine thrust  available (b) Three-engine thrust  available - 
-%, 

Pt/sec 

8.9 
10.7 
ll.l 
ll.8 
13.2 
14.4 
12.1 
10.2 

- 

- 
a0 I 

ft 
- 
17 
24 
28 
34 
37 
37 
39 
28 

- 
Pilot 

- 
hw,o, 

ft 
h , o J  
fi 

- 
34 
75 
ll3 
55 
105 
74 
44 
45 

:orrection 
t o  b o ,  

ft 

%o(corr) 
ft 

2orrection 

ft 
t o  m o ,  

I n s t r m n t  
configuration 

kverage 
at 

24 
25 
28 
31 
28 
23 
35 
31 

37 
69 
ll0 
69 
135 
48 
69 

9.2 
ll.5 
13.2 
11.4 
10.8 
12.0 
ll.8 

25 
42 
56 
42 
35 
39 
37 

+6 
-2 
-9 
-1 
+1 
-4 
-3 

31 
40 
47 
41 
36 
35 
34 

+7 
+1 
0 
-3 
-9 - 14 
-4 
+3 

A 

28 
102 
51 
155 
51 
45 

7.5 
11.5 
10.6 
12.2 
8.3 
8.7 

19 +12 31 
38 
43 
70 
37 
35 

35 
73 
ll2 
59 
102 
75 
73 
51 

7.0 
ll.2 
10.8 
10.7 
ll.2 
11.0 
10.6 
10.4 

11.5 
ll.3 
ll.4 
12.3 
12.0 
13.4 
11.0 
10.3 

- 

16 
37 
40 
41 
37 
37 
36 
25 

+13 
-1 
+1 
+l 
-1 
0 
+1 
+2 

29 
36 
41 
42 
36 
37 
37 
27 

46 ' -2 
42 +1 .63 B 
75 -5 
28 +9 
27 +8 

ll8 
71 
140 
77 
71 
72 

11.7 
11.0 
10.5 
10.0 
10.3 
10.8 

44 -3 41 

+2 42 40 
0 34 34 

33 +4 37 
35 +3 38 
36 +1 37 

34 
71 
122 
75 
104 
68 
73 
50 

29 -2 
36 -1 
35 -1 
28 -5 

27 
35 
34 
23 
31 
25 
40 

35 -4 
35 -10 
40 0 
31 +3 34 ~- 

ll4 12.8 46 -7 39 
103 11.5 41 -2 39 
117 ll.l 40 0 40 
72 11.7 41 -3 38 

+1 37 193 10.6 36 

69 9.8 33 +4 37 
45 7.0 25 +13 38 

D .69 

56 9.2 34 +6 40 

36 9.6 26 
96 11.3 72 

+5 31 
-1 31 
+4 36 
+2 39 
+2 30 
0 41 
-3 39 
+1 34 

+6 35 
-1 55 
+1 41 
-2 47 
-1 36 
-10 17 

108 10.0 32 
91 10.5 37 
100 10.4 28 
92 11.0 41 

45 10.8 33 
89 ll.8 42 

- ~ - -  
56 9.4 29 

53 10.6 ?: 120 ll.4 

115 l l . 6  49 
57 ll.4 39 
48 13.4 27 

u8 9.7 46 +5 51 
53 ll.3 44 -1 43 

E .97 122 13.5 54 - 10 44 
52 12.0 40 -4 36 
56 u . 6  51 -2 49 

~ 

A 

37 
61 
126 

12.0 
11.0 
11.0 
10.6 
11.0 
ll.4 
10.5 
10.2 

26 
35 
36 
25 z: 

-4 
0 
0 
+1 
0 
-1 
+2 
+3 

22 -2 22 98 ll.5 24 
35 
36 
26 
38 
27 

33 
125 
74 
47 
54 

11.5 30 -2 
u . 0 0 

-3 
12.0 35 -4 
12 8 -7 

11.0 28 0 
10:6 3248 +1 

56 
56 
53 
73 
115 

30 
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Thrust 

Four 
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Three 
engines 

TABLE 111.- MEA_N VALUES OF b o ( c o r r )  FOR EACH COMBINATION OF ENGINE THRUST, 
INSmuMENT CONFIGURATION, AND ALTITUDE RANGE; ALL P I L O T S  

Instrument configuration 
Altitude 

hw,o 5 72 38.8 I 36.8 I 32.2 

hw,o 2 73.- 40.9 36.1 1 32-3  

hw,o - < 80 32.7 1 36.7 I 34.8 

hw,o 2 84 33.3 35.0 36.7 

I I I 
- 
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Runway simulator ~ Analog computer 
I 

I 

T V  signal 

1 
Five-degree-of - freedom 
servoed T V camera 

Projector  
Screen 

In st rument 
read inys 

Simulator cab 

Recorded 
quanti ties 

Recorder Y 
Figure 1.- Block diagram of simulator drive and computing components. 

A-30362.1 



Subscript 8 denotes body axes 
Subscript W denotes wind axes 

/' Horizontal projection of X, 

Hor izonta l  projection of X, 

Figure 2.- System of body and wind axes used i n  the simulation. 



Iu w 

A-29283 

Figure 3. - Phot ogra2h of simulator cockpit showing f l i g h t  instruments . 



A-30464 (a) Dial instrument. 

(b) Bar-type indicator. 
A-30465 

Figme 4.- Acceleration-modified angle-of-attack (a - KV) indicators used in the 
present study. 
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Throttle position, 5o 
percent maximum 

0 '  

s e n  deg 
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V, knots 

i / ,  f t / s e c 2  

a- Ki/ ,  deg 

I 3 0  'y=-\ 
120L 
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0 4 8 12 16 20 24 28 

T i m e ,  sec 

( a )  Instrument configuration I, with l a t e r a l  o f f se t ;  hw,o = 72 f t :  bo = 36 f t .  

Figure 5.- Time h i s t o r i e s  of two go-around maneuvers performed i n  the  present 
study; p i l o t  C ,  100 f t  ce i l i ng ,  four-engine t h r u s t  ava i lab le .  
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Thrott le position, 
percent maximum 

W 

f r o m  
approach t r im 

n 5  

0' 

V, knots 

I 4 0  - 
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I; , ft/sec 2o t 1 
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~ 
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Time, sec 

(b) Instrument configuration 13, warning light at hw,o = 97 ft, &no = 31 ft. 

Figure 5.- Concluded. 
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Mean flare alt i tude 
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60 

Aho (corr), 
f t  

40 

L' 

0 

20 

I n st rument configuration 

0 I, Conventional instruments 

0 

h W , O  1 f t  

(a) Four-engine thrus t  available.  

Figure 6.- Corrected a l t i tude  losses and a l t i tudes  of i n i t i a t i o n  observed i n  the present study; a l l  
p i lo t s  



Instrument configuration , 

0 I ,  Conventional instruments 

0 I, Conventional instruments and a - K i  dial  indicator 

Ah,( corr ) , 
f t  
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Figure 7.- L i f t  curve of example airplane showing desired angle of attack fo r  approach and go-around; 
io f laps  deflected 50°. 
\D 
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Figure 8.- Schematic diagram of analog computation of a - ~ signal.  


